The purpose of the present study was to characterize the adenosine transport system(s) at the inner blood-retinal barrier (inner BRB). A conditionally immortalized rat retinal capillary endothelial cell line (TR-iBRB2), used as an in vitro model of the inner BRB, expresses equilibrative nucleoside transporter 1 (ENT1), ENT2, concentrative nucleoside transporter 2 (CNT2), and CNT3 mRNAs. TR-iBRB2 cells exhibited an Na + -independent and concentration-dependent [ 3 H]adenosine uptake with a Michaelis-Menten constant of 28.5 μM and a maximum uptake rate of 814 pmol/(min mg protein). [ 3 H]Adenosine uptake by TR-iBRB2 cells was strongly inhibited by 2 mM adenosine, inosine, uridine, and thymidine. On the other hand, this process was not inhibited by 100 nM nitrobenzylmercaptopurine riboside and dipyridamole. These uptake studies suggest that ENT2 is involved in [ 3 H]adenosine uptake by TR-iBRB2 cells. Quantitative real-time PCR revealed that the expression of ENT2 mRNA is 5.5-fold greater than that of ENT1 mRNA. An in vivo study suggested that [ 3 H]adenosine is transported from the blood to the retina and significantly inhibited by adenosine and thymidine. The results of this study show that ENT2 most likely mediates adenosine transport at the inner BRB and is expected to play an important role in regulating the adenosine concentration in the retina.
Introduction
Adenosine is an important intercellular signaling molecule and it plays a number of roles in retinal neurotransmission, blood flow, vascular development, and response to ischemia [1, 2] . These effects are mediated through cell-surface adenosine receptors, so that the effect of adenosine in the retina is markedly influenced by the adenosine concentration in the retinal interstitial fluid. Most of the adenosine in the retinal interstitial fluid is thought to originate from the catabolism of adenosine monophosphate catalyzed by membrane-bound ecto-5′-nucleotidase (CD73) [1] , which is localized in the innermost process of Müller cells [3] . Consequently, almost all of the retinal adenosine is distributed in the neighborhood of the innermost process of Müller cells in the ganglion cell layer, inner plexiform layer, and inner nuclear layer [4] . Retinal blood vessels are also distributed in ganglion cell layer, inner and outer plexiform layers, and inner nuclear layer [5] and form the inner blood-retinal barrier (inner BRB) which strictly regulates molecular transport between the blood and the retinal interstitial fluid [6] . Polska et al. [7] have reported that exogenous adenosine introduced via infusion increases the optic nerve head blood flow in healthy humans. Since adenosine in the blood needs to penetrate the inner BRB in order to activate its receptors expressed in vascular smooth muscle cells and increase blood flow, it has been suggested that adenosine transport system(s) at the inner BRB also have the ability to regulate the adenosine concentration in the retinal interstitial fluid and modulate retinal functions.
Two classes of nucleoside transporters have been described. The Na + -independent equilibrative nucleoside transporter (ENT) consists of ENT1 (Slc29a1) and ENT2 (Slc29a2) [8] while the Na + -dependent concentrative nucleoside transporter (CNT) consists of CNT1 (Slc28a1), CNT2 (Slc28a2), and CNT3 (Slc28a3) [9] . They affect the concentration of adenosine available to its receptors in some organs. The inhibition of ENT1-mediated transport by the selective inhibitor, nitrobenzylmercaptopurine riboside (NBMPR), and consequent elevation of the adenosine concentration modulates glutamatergic synaptic transmission via presynaptic A 1 receptors in the superficial dorsal horn of the spinal cord in rats [10] . Moreover, the A 1 receptor-mediated chronotropic effect of adenosine is potentiated by the ENT1 inhibitor, dipyridamole, in the sinoatrial node of the guinea pig heart [11] . In the retina, it has been reported that [ 3 H]adenosine uptake and its inhibition by NBMPR take place in the retinal ganglion cell layer and inner nuclear layer of rabbits [12] and the cultured retinal neurons and photoreceptors of the chick embryo [13] . However, there is no information at all on the nucleoside transport system at the inner BRB although it would be very useful to have more information about adenosine transport mechanisms at the inner BRB in order to understand the regulation of the adenosine concentration in the neural retina.
The purpose of the present study was to elucidate the molecular mechanism of adenosine transport at the inner BRB. The characteristics and functions of adenosine transport at the inner BRB were examined using a conditionally immortalized rat retinal capillary endothelial cell line (TR-iBRB2) as an in vitro model of the inner BRB [14] and in vivo vascular injection techniques. TR-iBRB2 cells possess endothelial markers and glucose transporter 1 (GLUT1), P-glycoprotein, creatine transporter (CRT), and L-type amino acid transporter 1 (LAT1) [14] [15] [16] [17] , which are expressed at the inner BRB in vivo. Accordingly, TR-iBRB2 cells maintain certain in vivo functions and are a suitable in vitro model for the inner BRB.
Materials and methods

Animals
Male Wistar rats, weighing 250-300 g, were purchased from SLC (Shizuoka, Japan). The investigations using rats described in this report conformed to the provisions of the Animal Care Committee, Toyama Medical and Pharmaceutical University (currently University of Toyama) (#2003-48) and the ARVO Statement on the Use of Animals in Ophthalmic and Vision Research.
Cell culture
TR-iBRB2 cells were established from a transgenic rat harboring temperature-sensitive SV 40 large T-antigen gene [14] . TR-iBRB2 cells were seeded onto rat tail collagen type I-coated culture flasks (BD Biosciences, Bedford, MA). The cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Moregate, Bulimbra, Australia) at 33°C in a humidified atmosphere of 5% CO 2 /air. The permissive temperature for TR-iBRB2 cell culture is 33°C due to the presence of temperature-sensitive SV40 large T-antigen [14] .
RT-PCR analysis
Total cellular RNA was prepared by using an Rneasy Kit (Qiagen, Hilden, Germany). Single-strand cDNA was made from total RNA by reverse transcription (RT) using oligo dT primer. The polymerase chain reaction (PCR) was performed with ENT1 (Slc29a1), ENT2 (Slc29a2), CNT1 (Slc28a1), CNT2 (Slc28a2), or CNT3 (Slc28a3) specific primers through 40 cycles of 94°C for 30 sec, 60-62°C for 30 sec, and 72°C for 1 min. The sequences of the specific primers were as follows: the sense sequence was 5′-GCC AAC TAC ACA GCC CCC ATC A-3′ and the antisense sequence was 5′-TCA GCA GTC ACA GCA GGG AAC AA-3′ for rat ENT1 (GenBank accession number NM_031684), the sense sequence was 5′-CCT ACA GCA CCC TCT TCC TCA GT-3′ and the antisense sequence was 5′-CCC AGC CAA TCC ATG ACG TTG AA-3′ for rat ENT2 (GenBank accession number NM_031738) [18] , the sense sequence was 5′-CAA CAC ACA GAG GCA AAG AGA GTC-3′ and the antisense sequence was 5′-CCA CAC CAG CAG CAA GGG CTA G-3′ for rat CNT1 (GenBank accession number NM_053863), the sense sequence was 5′-GGA AGA GTG ACT TGT GCA AGC TTG-3′ and the antisense sequence was 5′-GTG CTG GTA TAG AGG TCA CAG CA-3′ for rat CNT2 (GenBank accession number NM_031664), and the sense sequence was 5′-CTG TCT TTT GGG GAA TTG GAC TGC-3′ and the antisense sequence was 5′-CCA GTA GTG GAG ACT CTG TTT GC-3′ for rat CNT3 (GenBank accession number NM_080908). The PCR products were separated by electrophoresis on an agarose gel in the presence of ethidium bromide and visualized under ultraviolet light. The molecular identity of the resultant product was confirmed by sequence analysis using a DNA sequencer (ABI PRISM 310; Applied Biosystems, Foster City, CA).
[ 3 H]Adenosine uptake by TR-iBRB2 cells
The [2, H]adenosine ([ 3 H]adenosine, 35.9 Ci/mmol, Amersham Life Science, Buckinghamshire, UK) uptake by TR-iBRB2 cells was measured according to a previous report [15] . Briefly, TR-iBRB2 cells (1 × 10 5 cells/cm 2 ) were cultured at 33°C for 48 hours on rat tail collagen type I-coated 24-well plates (BD Biosciences) and washed with 1 mL extracellular fluid (ECF) buffer consisting of 122 mM NaCl, 25 mM NaHCO 3 , 3 mM KCl, 1.4 mM CaCl 2 , 1.2 mM MgSO 4 , 0.4 mM K 2 HPO 4 , 10 mM D-glucose and 10 mM HEPES (pH 7.4) at 37°C. Uptake was initiated by applying 200 μL ECF buffer containing 0.1 μCi [ 3 H]adenosine (14 nM) at 37°C in the presence or absence of inhibitors. Na + -free ECF buffers were prepared by equimolar replacement of NaCl and NaHCO 3 with choline chloride and choline bicarbonate, respectively. After a predetermined period, uptake was terminated by removing the solution, and cells were immersed in ice-cold ECF buffer. The cells were then solubilized in 1 N NaOH and subsequently neutralized. An aliquot was taken for measurement of radioactivity and protein content using, respectively, a liquid scintillation counter (LS6500; Beckman-Coulter, Fullerton, CA) and a DC protein assay kit (Bio-rad, Hercules, CA) with bovine serum albumin as a standard.
For kinetic studies, the Michaelis-Menten constant (K m ) and maximum rate (J max ) of adenosine uptake were calculated from the following equation using the nonlinear least-square regression analysis program, MULTI [19] .
where [S] and J are, respectively, the concentration of adenosine and the carriermediated component of the uptake rate of adenosine at 5 min estimated by subtracting the uptake rate in the presence of 10 mM non-radiolabeled adenosine, which represents a non-saturable component of the uptake rate.
Quantitative real-time PCR
Quantitative real-time PCR was performed using an ABI PRISM 7700 sequence detector system (Applied Biosystems) with 2× SYBR Green PCR Master Mix (Applied Biosystems) according to the manufacturer's protocol. To quantify the amount of specific mRNA in the samples, a standard curve was generated for each run using the plasmid (pGEM-T Easy Vector; Promega, Madison, WI) containing the gene of interest. This enabled standardization of the initial mRNA content of cells relative to the amount of β-actin. The PCR was performed using ENT1, ENT2, or β-actin-specific primers and the cycling parameters are those given above. The sequences of the specific primers of rat βactin (GenBank accession number NM_031144) were as follows: sense, 5′-TCA TGA AGT GTG ACG TTG ACA TCC GT-3′ and antisense, 5′-CCT AGA AGC ATT TGC GGT GCA CGA TG-3′.
Blood-to-retina [ 3 H]adenosine transport studies
The apparent retinal uptake clearance of [ 3 H]adenosine (K in, retina ) [μL/(min g retina)] from the circulating blood to the retina was determined by integration plot analysis as described previously [15] . Briefly, the rats were anesthetized with an intramuscular injection of ketamine-xylazine (1.22 mg xylazine and 125 mg ketamine/kg) and then [ 3 H]adenosine (12 μCi/head) was injected into the femoral vein. After collection of blood samples, rats were decapitated, and the retinas were removed. The retinas were dissolved in 2 N NaOH and subsequently neutralized. The radioactivity was measured in a liquid scintillation counter. As an index of the retinal distribution characteristics of [ 3 H]adenosine, the apparent retina-to-plasma concentration ratio (V d ) was used. This ratio [V d (t)] (mL/g retina) was defined as the amount of [ 3 H] per gram retina divided by that per milliliter plasma, calculated over the time-period of the experiment (t). The apparent blood-to-plasma concentration ratio (R B ) was also measured to examine the [ 3 H]adenosine uptake into the blood cells. The K in, retina can be described by following Eq. (2):
where AUC(t) (dpm min/mL), C p (t) (dpm/mL), and V 
Data analysis
Unless otherwise indicated, all data represent means ± S.E.M. An unpaired, two-tailed Student's t-test was used to determine the significance of differences between two groups. Statistical significance of differences among means of several groups was determined by one-way analysis of variance followed by the modified Fisher's least-squares difference method.
Results
Expression of nucleoside transporters in TR-iBRB2 cells
RT-PCR analysis was performed to examine the expression of ENT and CNT mRNAs in the rat retina and TR-iBRB2 cells. As shown in Fig. 1 , the expression of ENT1, ENT2, CNT1, and CNT2 in the retina was detected at 431, 562, 479, and 298 bp, respectively. Of the four transporters, the expression of ENT1, ENT2, and CNT2 was also detected in TR-iBRB2 cells. The expression of CNT3 was not detected in the retina, however, and only a minor band of CNT3 was detected in TR-iBRB2 cells.
[ 3 H]Adenosine uptake by TR-iBRB2 cells
To analyze the kinetics and characteristics of adenosine transport at the inner BRB, [ 3 H]adenosine uptake was investigated using TR-iBRB2 cells as an in vitro model of the inner BRB. The time-courses of [ 3 H]adenosine uptake by TR-iBRB2 cells in the presence or absence of Na + are shown in Fig. 2. [ 3 H]Adenosine uptake increased linearly for at least 10 min. Na + -free conditions had no effect on [ 3 H]adenosine uptake until 10 min, supporting the hypothesis that [ 3 H] adenosine uptake by TR-iBRB2 cells is predominantly mediated by ENT. Fig. 3 shows the concentration-dependent uptake of adenosine by TR-iBRB2 cells. The Eadie-Scatchard plot (Fig. 3 , inset) gave a single straight line, indicating that one saturable process was involved in adenosine uptake by TR-iBRB2 cells. Kinetic analysis of the uptake data using Eq. (1) and nonlinear least-squares regression analysis, gave a K m of 28.5 ± 2.2 μM and a J max of 814 ± 45 pmol/(min mg protein) (mean ± S.D.).
The inhibition study was performed to characterize the [ 3 H] adenosine transport system in TR-iBRB2 cells ( Table 1 ). Of the nucleosides studied, adenosine, inosine, uridine, and thymidine, at a concentration of 2 mM, inhibited [ 3 H]adenosine uptake by more than 60%, while guanosine and cytidine, at a concentration of 2 mM, partially inhibited it by up to 40%. [ 3 H] Adenosine uptake was also inhibited by nucleobases, such as 2 mM adenine and 2 mM hypoxanthine, by 41% and 28%, respectively. The Na + -independent nucleoside transport systems can be classified according to their sensitivity to NBMPR and dipyridamole [8] . NBMPR and dipyridamole, at a concentration of 100 nM, did not inhibit [ 3 H]adenosine uptake, while NBMPR (10 and 100 μM) and dipyridamole (1 and 10 μM) produced more than 50% inhibition. These results represent NBMPR-and dipyridamole-insensitive transport of adenosine in TR-iBRB2 cells.
Expression levels of ENT1 and ENT2 in TR-iBRB2 cells
To determine the dominant ENT in TR-iBRB2 cells, quantitative real-time PCR analysis was performed to quantify the mRNA expression levels of ENT1 and ENT2 in TR-iBRB2 cells (Fig. 4) . The degree of mRNA expression compensated with β-actin, for ENT1 and ENT2 was 3.27 ± 0.29 × 10 −3 and 1.81 ± 0.33 × 10 −2 , respectively. Accordingly, the expression of ENT2 mRNA was 5.5-fold greater than that of ENT1 in TR-iBRB2 cells.
Blood-to-retina transport of [ 3 H]adenosine
The in vivo blood-to-retina influx transport of adenosine from the circulating blood to the retina through the BRB was evaluated by an integration plot analysis after intravenous administration of [ 3 H]adenosine and application of the RUI method using rats. The K in, retina of [ 3 H]adenosine was found to be 25.8 ± 0.7 μL/(min g retina) (mean ± S.D.) from the slope of the integration plot (Fig. 5A) . The K in, retina includes the apparent uptake clearance into the retinal blood (e.g. erythrocytes) as well as the apparent influx clearance across the BRB. In the case of adenosine, the apparent uptake clearance into the retinal blood cannot be ignored, since the R B of [ 3 H]adenosine was increased with a slope of 0.0882 ± 0.0149 min −1 (mean ± S.D.) (Fig. 5B ). This behavior of adenosine is consistent with a previous report showing that adenosine accumulates in erythrocytes [22] . The vascular volume in the retina was found to be 0.167 ± 0.010 mL/g retina from the V i of [ 3 H]adenosine (Fig. 5A) . By multiplying the slope of the R B increment and the vascular volume in the retina, the apparent uptake clearance into retinal blood found to be 14.7 ± 3.3 μL/(min g retina). Therefore, the apparent influx clearance across the BRB was found to be 11.1 ± 4.1 μL/ (min g retina). The influx transport of adenosine across the BRB was also supported by the fact that the estimated RUI value of [ 3 H]adenosine was greater than that of [ 3 H]Dmannitol (Table 2) . Moreover, adenosine and thymidine at a concentration of 2 mM significantly decreased the RUI value of [ 3 H]adenosine to 70% and 75%, respectively, while 2 mM cytidine had no effect. These results confirm the carrier-mediated transport of adenosine from the blood to the retina across the BRB.
Discussion
The present study shows that the BRB is able to transport [ 3 H]adenosine (Fig. 5 ). The nucleoside transporters are classified as an Na + -independent ENT and an Na + -dependent CNT. TR-iBRB2 cells, an in vitro model of the rat inner BRB, express both ENT and CNT mRNAs ( Fig. 1) , however, Na +independent uptake of [ 3 H]adenosine by TR-iBRB2 cells (Fig.  2) suggests that ENT is predominantly involved in the adenosine transport in TR-iBRB2 cells.
ENTs can be further sub-divided into two isoforms according to their sensitivity to NBMPR [8] . The NBMPRsensitive (es) transporter, ENT1, is blocked by less than 100 nM NBMPR (IC 50 = 4.6 nM) [23] while the NBMPRinsensitive (ei) transporter, ENT2, requires more than 1 μM NBMPR to inhibit nucleoside transport [23] . Although both ENT1 and ENT2 have a variety of nucleoside substrates, ENT2 exhibits a lower affinity for guanosine and cytidine than ENT1 [24] . Moreover, only ENT2 is capable of low affinity transport of nucleobases, such as adenine and hypoxanthine [25] . In TR-iBRB2 cells, [ 3 H]adenosine uptake was not inhibited by NBMPR at 100 nM, but was inhibited at 10 and 100 μM ( Table 1) . [ 3 H]Adenosine uptake by TR-iBRB2 cells was inhibited by nucleosides, however, the degree of inhibition by adenosine, inosine, uridine, and thymidine was greater than that produced by guanosine and cytidine. In addition to nucleosides, [ 3 H]adenosine uptake by TR-iBRB2 cells was partly inhibited by nucleobases, such as adenine and hypoxanthine. Such forms of inhibition in TR-iBRB2 cells are consistent with ENT2 rather than ENT1. Moreover, quantitative real-time PCR analysis clearly demonstrated that ENT2 is predominantly expressed in TR-iBRB2 cells (Fig. 4 ). In the light of these findings, adenosine transport in TR-iBRB2 cells is most likely mediated by ENT2.
[ 3 H]Adenosine uptake by TR-iBRB2 cells was not inhibited by dipyridamole at 100 nM, but was inhibited at 1 and 10 μM (Table 1) . Dipyridamole is also known to be a useful inhibitor for distinguishing human ENT1 from ENT2, since it blocks human ENT1 and ENT2 with a K i of 5 nM and 360 nM, respectively [24] . However, in the rat, there are some contradictory reports about the ability of dipyridamole to inhibit rat ENT-mediated transport. The inhibitory effect observed in human ENT is similar to that in rat C6 glioma cells [26] and rat brain microvascular endothelial cells [27, 28] as well as the TR-iBRB2 cells in this study, while 1 μM dipyridamole had no effect on transport activity in recombinant rat ENT1 and ENT2 expressed in Xenopus oocytes [23] . These observations indicate that dipyridamole is an effective inhibitor of ENT2mediated transport in the case of TR-iBRB2 cells, although its inhibitory effect seems to depend on the cell type and preparation used.
[ 3 H]Adenosine is transported from the circulating blood to the retina across the BRB with an apparent influx clearance of 11.1 ± 4.1 μL/(min g retina) ( Fig. 5 ). This value is far greater than that of [ 14 [29] . The RUI value of [ 3 H]adenosine was also greater than that of [ 3 H]D-mannitol ( Table 2 ). These results suggest that adenosine is transported via a carrier-mediated transport process, rather than by passive diffusion. Moreover, [ 3 H]adenosine uptake into the retina was inhibited by adenosine and thymidine, but was unaffected by cytidine ( Table 2) . These inhibitory characteristics are comparable with those obtained in TR-iBRB2 cells ( Table 1 ). The BRB is composed of retinal capillary endothelial cells (inner BRB) and retinal pigment epithelial cells (outer BRB). In addition to TR-iBRB2 cells (Fig.  2) , carrier-mediated adenosine transport has also been demonstrated in ARPE-19 cells, an in vitro model of the human outer BRB [30] . Accordingly, both the inner and outer BRB seem to be involved in [ 3 H]adenosine transport from the circulating blood to the retina. The net flux of adenosine transport at the BRB is still uncertain at the present time, since it is technically impossible to estimate the efflux clearance across the BRB. In the case of the blood-brain barrier (BBB), the efflux clearance of adenosine across the BBB is 3-fold greater than the influx clearance [31] . The adenosine concentration in the rat retina/ choroid [32] (approximately 0.9 nmol/g ≈ 0.9 μM) is about 10fold greater than that in the blood (90 nM) [31] . Since the K m of adenosine uptake by TR-iBRB2 cells (28.5 μM; Fig. 3 ) is greater than the adenosine concentration in the retina/choroid as well as the blood, the transport velocity of adenosine at the inner BRB is expected to be relative to the adenosine concentration. Therefore, the net efflux of adenosine transport at the inner BRB may occur as at the BBB [31] , since ENT2 is a bi-directional equilibrative transporter.
In conclusion, adenosine transport at the inner BRB is most likely mediated by ENT2. Under physiological conditions, adenosine serves as the principal mechanism of inhibitory neuromodulation [33] . However, the adenosine concentration is dramatically increased by more than 10-fold in the ischemic retina [32] and then adenosine exacerbates the effects of retinal ischemia/reperfusion and promotes retinal neovascularization [2, 34] . Therefore, the possible physiological role for ENT2 at the inner BRB involves maintaining a constant milieu of adenosine in the retinal interstitial fluid especially under some pathological conditions like ischemia. The current findings represent an important contribution to our understanding of the physiological roles of the inner BRB in regulating the adenosine concentration in the retina.
